Phagocytosis is a receptor-mediated process for sequestration and inactivation of infectious microbes. It can be triggered by microbial surface compounds or particle-attached host proteins. We monitored the effector functions of murine bone marrow-derived macrophages (BMMs) in response to polystyrene-streptavidin beads coated with the defined ligands IgG1, b-glucan, mannan, complement factors C1q or iC3b, or fibronectin (FN). Cell-autonomous effector mechanisms (uptake, phagosome maturation, cytokine responses and killing activity) were differentially triggered. All particle-ligand complexes stimulated the release of nitric oxide, but only beads coated with IgG, complement factors or FN caused production of superoxide. Beads coated with C1q, iC3b or FN strongly stimulated the secretion of pro-inflammatory TNF-a, IL-6, and IL-1b and also of anti-inflammatory IL-10. Escherichia coli coated with C1q, iC3b or FN was killed much less efficiently than with any of the other ligands, depending on the presence of IL-10 activity. This indicated an important role of IL-10 as regulator of cell-autonomous immune functions of macrophages. Our data show that defined ligands on microbial surfaces are interesting candidates to activate innate defense mechanisms selectively and specifically.
Introduction
A characteristic property of professional phagocytes, such as macrophages, neutrophils and dendritic cells, is the binding, internalization and degradation of particulate extracellular material including pathogens and cellular debris. Uptake is termed non-opsonic when particle surface compounds (e.g. mannan or b-glucan present on the surface of microbes or phosphatidylserine on apoptotic cells) bind to specific phagocyte receptors directly. 1 Microbial surface molecules are highly conserved and referred to as pathogen-associated molecular patterns (PAMPs) while the respective host cell receptors are termed pattern recognition receptors (PRRs). Non-opsonic receptors include members of the C-type lectin receptor (CLR) superfamily such as dectin-1 and the mannose receptor (MR). 2, 3 Opsonic uptake is initiated by receptors engaging host-derived proteins such as microorganism-bound immunoglobulins or complement factors.
For many years, there have been discussions about the specific effects of particle ligands on the specific mechanism of particle phagocytosis and on the ensuing events, yet 'our knowledge of how early steps in phagocytosis dictate later events of phagosome maturation is minimal'. 4 In fact, there are only few studies investigating influences of different ligands on several aspects of phagocytosis. 4, 5 Most studies concentrated on analyzing a single-type ligand such as IgG or iC3b which are binding partners for FcR and complement receptor (CR), respectively, the two best-characterized phagocytic receptors. 6, 7 This is the first study investigating side-by-side the influences of six different types of ligands on phagocytosis. This study focuses on specific ligands rather than on specific phagocytic receptors, because ligands can be unambiguously defined by their chemical nature whereas many receptors bind different ligands promiscuously. Hence, manipulation of a receptor would possibly lead to continued uptake of a particle, albeit through other receptor types resulting in different uptake characteristics. To allow a high degree of comparability of data obtained with different ligands, a building block system was established in which different ligands, opsonic or non-opsonic, were bound to the same type of streptavidin (SA)-coated beads. Biotinylated b-glucan, mannan, the complement factors C1q and iC3b, and FN, or non-biotinylated IgG were used as ligands to study cell-autonomous defense responses of macrophages including particle ingestion and phagosome maturation, production of superoxide and nitric oxide, and cytokine release.
The functional relevance of our findings was assessed using a new Escherichia coli-based system to test the bactericidal activity of macrophages induced by specific phagocytic ligands.
Materials and methods

Agents and antibodies
Reagents were of highest (per analysis) purity and from Sigma-Aldrich (Taufkirchen, Germany) or Carl Roth (Karlsruhe, Germany). Polystyrene beads modified by chemicals coating the surface with SA (uniform microspheres; mean diameter 1.63 mm; PS-MAG-SA-S1317; Microparticles, Berlin, Germany) were provided as particulate phagocytic substrate to bone marrow-derived macrophages (BMMs). Polyclonal rabbit anti-SA antibodies to distinguish ingested from extracellular beads were from Sigma-Aldrich (S6390) and purified monoclonal mouse anti-SA (S10D4) for opsonization experiments were from Abcam (Cambridge, UK; AB10020). Neutralizing antibody against IL-10 (mAb JES-2A5, IgG1) 8 and an IgG1 isotype control antibody (eBRG1) from NatuTec (Frankfurt, Germany) were used. Vacuolar type H + -ATPase (vATPase) was labeled with an antibody against vATPase (kind gift of Dr M. Skinner, University of Guelph, Canada). 9 Recombinant murine interferon-g was from Peprotech (Hamburg, Germany), cytochalasin D, nocodazole and dynasore from SigmaAldrich, herbimycin A and PP2 (4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo (3,4,d )pyrimidine) were purchased from Calbiochem (Schwalbach, Germany).
Macrophages and bacteria
To obtain BMMs, bone marrow cells were harvested from euthanized 6-week-old female C57BL/6ByJ mice and cultured at 37 C, 7.0% CO 2 in DMEM supplemented with 10% fetal calf serum (FCS), 5% horse serum, 10 mM glutamine, 10 mM HEPES, 1 mM pyruvic acid, and 30% L929 mouse fibrosarcoma cellconditioned media. Macrophages were used at day 10 post isolation.
Escherichia coli K-12 strain MG1655 expresses core oligosaccharides but no O-antigen 10, 11 and was from Dr U. Dobrindt (Institute of Molecular Infection Biology, University of Wu¨rzburg, Germany).
Coating streptavidin beads or E. coli with defined phagocytic ligands
The phagocytic ligands b-glucan (laminarin, L9634) and mannan (M7504) were from Sigma-Aldrich, the complement factors C1q (Cat. No. 204876) and iC3b (Cat. No. 204863) purified from human serum were from Calbiochem (Schwalbach, Germany) and FN (Cat. No. 1051407) purified from human plasma from Roche (Mannheim, Germany). b-Glucan and mannan were biotinylated with EZ-Link Biotin-LC-Hydrazide from Pierce (Bonn, Germany) and C1q, iC3b and FN were biotinylated with EZ-Link Sulfo-NHS-LC-Biotin from Pierce according to the manufacturer's instructions. For coupling, biotinylated ligands were incubated with SA beads for 45 min at room temperature (22) (23) (24) C) at an oversaturating concentration of 50 mg ligand per mg beads. To coat SA beads with IgG, beads were incubated with 50 mg monoclonal mouse anti-SA antibody per mg beads.
Escherichia coli K-12 MG1655 cells were biotinylated with EZ-Link Biotin-LC-Hydrazide from Pierce followed by 50 mg neutravidin (Pierce)/10 7 bacteria. Neutravidin is a homotetrameric protein with four biotin binding sites and, hence, can serve as a linker between the bacterial surface and biotinylated ligands. Bacteria were incubated with biotinylated ligands (200 ng/10 6 bacteria) for 1 h on ice.
Bead surface saturation experiments
To quantify coupling of biotinylated ligands to SAmodified beads, 10 6 ligand-coupled beads were mixed with 5 ml biotin-conjugated horseradish peroxidase (HRP) solution (5 mg/ml) for 40 min at 23 C corresponding to a 1500-fold excess of biotinylated proteins capable of binding to SA-modified beads. To quantify the total number of available binding sites, 10 6 uncoupled SA-modified beads were mixed with 5 ml biotin-conjugated HRP solution (5 mg/ml) for 40 min at 23 C. To quantify the effectiveness of bead SA saturation by free biotin, 10 6 uncoupled, SA-modified beads were mixed with 100 ml freshly prepared biotin solution (1.5 mg/ml in PBS) and incubated for 40 min at 23 C. Biotin was added at 100,000 times the amount of theoretically available biotin binding sites (manufacturer's product description). The saturated SA beads were incubated with 5 ml biotin-conjugated HRP solution (5 mg/ ml) for 40 min at 23 C. To quantify saturation of biotin binding sites, 10 5 beads of each sample and controls were added into 96-well plates and HRP activity was determined from duplicates using the TMB substrate kit (Pierce) according to the manufacturer's instructions.
The SA beads without biotin treatment were used as a negative control, yielding a signal defining 0% ligand saturation. Another set of uncoupled beads was saturated with biotin before incubation with biotin-HRP, generating a signal which was defined as 100% ligand saturation. By comparison of biotin-HRP binding by SA-modified beads (0% saturation) and that by SAbiotin beads (100% saturation) with the HRP activity in the pre-ligated bead fraction, the degrees of saturation were calculated for each bead type.
Ligand-induced phagocytosis of beads by bone marrow-derived macrophages
Bone marrow-derived macrophages were seeded in a 24-well plate on sterile cover slips. When indicated, cells were pre-treated with 500 U IFN-g/ml for 16 h. The next day, cells were rinsed twice with PBS. If applicable, cells were incubated for 1 h in serum-free medium containing the specified inhibitors before addition of beads. In general, BMMs were incubated with 2.5 ligand-coupled beads per cell in a volume of 300 ml DMEM without FCS for 30 min at 4 C. Non-attached beads were washed away twice with PBS. Pre-warmed, serum-free medium, with or without inhibitors as specified for the single experiments, was added to the cells. Subsequently, cells were fixed in 3% formaldehyde at the indicated times of incubation. Beads were labeled by differential outside/inside staining: Extracellular beads were labeled with polyclonal anti-SA antibody and AlexaFlour488 secondary antibody (Invitrogen, Karlsruhe, Germany), cells were permeabilized and all beads, extracellular as well as intracellular ones, were labeled by anti-SA antibody and TexasRed conjugated secondary antibody (Invitrogen). Only particles that were fully taken up by the cell, defined as inaccessible for the first antibody, were included in quantification as 'phagocytosed beads'.
Analysis of cellular ultrastructure by transmission electron microscopy
To examine the cellular ultrastructure after uptake of ligand-coated beads, BMMs were seeded in 6-well plates the day before infection (10 6 per well). After addition of 10 beads per cell in a volume of 200 ml serum-free DMEM for 10 min at 37 C, cells were rinsed with PBS and fixed in 0.5% glutaraldehyde/2% formaldehyde in PBS for 2 h at room temperature. Cells were rinsed three times with 0.1 M cacodylate buffer and stained in 1.5% potassium ferricyanide/2% osmium tetroxide in distilled water on ice for 2 h, followed by extensive rinsing with distilled water. Samples were incubated in 5% uranyl acetate in distilled water for 120 min on ice, followed by 3 min in distilled water. After incubation in 0.1% tannic acid in distilled water for 30 min at room temperature, samples were rinsed with distilled water, dehydrated using standard ethanol dilution series, scraped off the culture dishes and placed into microfuge tubes. The samples were embedded in Epon, thin sections were collected on nickel grids and examined using a Philips CM 120 transmission electron microscope.
Assessing phagosomal maturation
Bone marrow-derived macrophages were seeded in a 24-well plate on sterile cover slips and incubated with 2.5 ligand-coupled beads per cell in a volume of 300 ml DMEM without FCS for 30 min at 4 C. Non-attached beads were washed away with PBS and pre-warmed, serum-free medium was added to the cells. Samples were fixed in 3% formaldehyde. Extracellular beads were recognized via rabbit anti-SA antibody as above. Secondary antibodies were applied and then cells were permeabilized and vATPase was labeled with an rabbit antibody against vATPase. Secondary antibodies were applied and co-localization with internalized beads was quantified using a Zeiss LSM 510. Co-localization was defined as a complete ring around internalized beads.
Quantification of reactive oxygen and nitrogen species
The ability to reduce Fe 3+ cytochrome-c is the basis for detecting O À 2 and is quantified at 550 nm as superoxide dismutase (SOD)-inhibitable reduction of Fe 3+ cytochrome-c. Bone marrow-derived macrophages (5 Â 10 5 cells) were seeded in a 96-well plate in DMEM complete, the medium was removed and the cells were rinsed with Hank's balanced salt solution (HBSS) to remove unbound cells. To one set of samples, 75 ml HBSS and 25 ml 220 mM ferricytochrome-c (Sigma-Aldrich) solution were added. To a second set of samples, 50 ml HBSS, 25 ml 220 mM ferricytochrome-c solution and 25 ml SOD (Sigma-Aldrich) solution (1 mg/ml) per well were prepared. Ligand-coupled beads diluted in 15 ml PBS were added at an average of 20 beads per cell to each well, resulting in a total volume of 115 ml per well. Results for duplicates of each sample for every incubation period were averaged and absorbance values of cells covered with cytochrome-c and SOD were subtracted from samples without SOD. The amount of O À 2 produced per well was calculated from the extinction coefficient for the absorption of reduced cytochrome-c by the formula
. Since the length of the light path through the cytochrome-c solution was less than 1 cm, a correction factor was introduced and the amount of O À 2 produced per well was calculated: nmole O À 2 per well ¼ (absorbance at 550 nm Â 100)/6.93. The Griess method measures nitrite, which is a stable reaction product of NO. Bone marrow-derived macrophages (1 Â 10 5 cells) were seeded in a 96-well plate in 150 ml DMEM and activated with 500 U IFN-g/ml overnight. Ten beads per cell in 150 ml serum-free DMEM were added to the macrophages. Nitric oxide production was quantified using a Griess method kit (Griess Reagent System G2930, Promega, Mannheim, Germany) according to the manufacturer's protocol.
Macrophages were infected at a MOI (multiplicity of infection) of 10 ligand-coated E. coli MG1655 in 100 ml serum-free DMEM. When indicated, 200 mg/ml neutralizing antibody against IL-10 was added. Bacteria were allowed to infect the cells for 1 h, then the cells were treated with 100 mg/ml gentamicin for 24 h. Nitric oxide production was quantified as above.
Cytokine ELISA
To assess the phagocytosis-induced secretion of cytokines, 2.5 Â 10 5 BMMs were seeded in 24-well plates and incubated with 10 beads per cell in 100 ml serumfree DMEM or infected with ligand-coupled E. coli at a MOI of 10. After 4 h, 10 h, or 24 h of infection, the supernatants were harvested and stored at À20 C until quantification of TNF-a, IL-1b, IL-6 and IL-10 by specific ELISA (R&D Systems).
Antibacterial activity of BMMs
Cells were infected at a MOI of 5 with E. coli K-12 MG1655, coated with defined phagocytic ligands as described above, in serum-free DMEM. When indicated, 200 mg/ml neutralizing antibody against IL-10 was added during infection. Bacteria were allowed to infect the macrophages for 15 min at 37 C, before 10 mg/ml gentamicin was added to the samples for 15 min to kill extracellular E. coli (proven efficiency of 99%; data not shown). After the gentamicin treatment, the time was set as 0 min and BMMs were lysed with ice-cold water/0.2% Triton X-100 and serial dilutions of lysates were plated on LB agar plates to quantify the CFU of intracellular E. coli the next day. The numbers of CFU in the samples at 0 min were set as 100%.
Statistical analysis
Statistics were calculated from independent experiments as specified in the figure captions. Data were analyzed by the unpaired two-tailed Student's t-test or one-way ANOVA analysis as indicated. Values of *P ¼ 0.05, **P ¼ 0.01, and ***P ¼ 0.001 represent moderately significant, significant, and highly significant differences, respectively.
Results
Coating of beads with phagocytic ligands
To determine influences of single-type ligands on phagocytosis and subsequent cell autonomous defense mechanisms, we established a model with murine primary BMMs as phagocytic cells and SA-coated polystyrene beads (SA beads) as phagocytic substrate. Before their addition to macrophages, SA beads were coated with biotinylated derivatives of important phagocytic ligands specified together with their receptors in Table 1 . Only IgG was not coupled via biotin-SA chemistry but added as an anti-SA antibody to ensure the proper orientation of the ligand with the free Fc part of the antibody protruding from the surface of the beads.
One of the likely determinants of the interaction of ligands on phagocytic particles with their host cells is ligand density. The degree of saturation of the bead surface with various ligands was quantified by competition of each biotinylated ligand with biotinylated HRP for binding to SA beads. Uncoupled beads were used as a negative control with a maximum binding of biotin-HRP and 0% ligand saturation. As positive control, beads coated first with unconjugated biotin and then incubated with biotin-HRP were used, generating the signal indicating 100% ligand saturation. The highest degrees of ligand saturation were achieved with the carbohydrate ligands mannan (MM $44,000 Da) and b-glucan (MM $5300 Da) with 75-85% of all potential binding sites occupied, iC3b (MM 182,000 Da) and FN (MM 440,000 Da) saturated the surface with 68% and 45%. The lowest saturation of about 30% was achieved with IgG (MM 150,000 Da) or C1q (MM $410,000 Da). Not unexpectedly, high molecular mass (MM) proteins were more likely to present apparently lower saturation levels which may reflect that streptavidin binding sites were more readily accessible for HRP-avidin than for the very large biotinylated ligands. In any event, good coverage was achieved with all ligands.
Differential effect of pre-treatment of macrophages with IFN-on the uptake of beads coated with specific phagocytic ligands
Resting murine BMMs were incubated with 2.5 beads per cell coated with the above specified ligands to (Fig. 1A , black bars), beads coated with complement factors C1q or iC3b were ingested significantly more frequently by pretreated than by resting BMMs. By 90 min (Fig. 1B , black bars), iC3b-coated beads had been more frequently ingested by IFN-g-pre-treated than by resting BMMs. Remarkably, C1q-coated as well as SA-or mannan-coated beads were less frequently ingested by pretreated than by resting BMMs after this long incubation time.
To assess whether the various beads were taken up by morphologically distinct phagocytic processes, BMMs were analyzed by transmission electron microscopy. After 10 min of incubation with BMMs, all single type-ligand beads except those coated with C1q were significantly associated with long pseudopodia (Fig. 1C) . The C1q-coated beads were not only contacted by shorter pseudopodia but also appeared less intimately entangled in these cell protrusions (Fig. 1D) . C, samples were prepared for electron microscopy. Pictures were taken and the length of protrusions from the plasma membrane was measured. Pseudopodia involved in at least 30 bead-macrophage interactions were measured for each bead-ligand pair. Only pseudopodia, which entangled beads of an apparent diameter of 1.63 mm AE 10% (i.e. beads which were cut in the middle during sectioning) were included into quantification. Shown are the results from two independent experiments. (D) Representative transmission electron micrographs of BMMs internalizing single type-ligand beads. Bars: 1 mm. G, indicates beads coupled to b-glucan; M, mannan-coupled beads. Asterisks indicate significance as determined by the two-tailed unpaired Student's t-test (*P ¼ 0.05, **P ¼ 0.01, and ***P ¼ 0.001) compared with the respective levels of resting macrophages.
Various phagocytic ligands require differential involvement of cytoskeletal components in uptake
Actin is important for many cellular motility events including phagocytosis 12 and its relevance for uptake of particles with different ligands was, therefore, tested in our system. Macrophages were left untreated or treated with 1 mM cytochalasin D, an inhibitor of actin polymerization, before and during incubation with single-ligand type beads. As determined after 90 min of incubation, uptake of all ligand-coupled beads was dependent on actin because internalization was significantly reduced by treatment of BMMs with cytochalasin D (Fig. 2A vs 2B) .
To test for an involvement of microtubule dynamics in the uptake of ligand-coated beads, BMMs were incubated with 2.5 mM nocodazole, starting 60 min before and lasting during the incubation period. Treatment with nocodazole reduced the amount of microtubules in BMMs, as expected (data not shown). Whereas phagocytosis of SA beads without specific ligands and of beads coated with complement C1q or iC3b was significantly reduced in nocodazole-treated BMMs, the uptake of beads coated with IgG, b-glucan, mannan, or FN (Fig. 2C) was slightly, but not significantly, reduced.
Dynamin is involved in the uptake process of all tested ligand particles
It has been only very recently recognized that at least some types of phagocytosis require factors also used in endocytosis, including dynamin. 13 Therefore, we investigated whether types of ligands would depend to a variable degree on internalization pathways requiring dynamin activity, BMMs were treated with 80 mM dynasore, a reversible non-competitive inhibitor of dynamin-1 and dynamin-2 GTPase activities, 14 for 60 min before and during the experiment. Control cells, treated with the drug vehicle (DMSO), internalized between 70-88% of the beads, similar to untreated cells. Treatment with dynasore revealed a significant reduction of the uptake of beads coated with either of the ligands used in this study (Fig. 2D ) except for FN whose uptake was slightly, yet not statistically significantly reduced.
Tyrosine kinase activity is selectively required for phagocytosis of IgG-and -glucan-coated beads
To characterize further the differential requirements for phagocytosis of single-ligand type beads, the involvement of tyrosine kinase activities was probed by pretreating BMMs with 10 mM of the protein tyrosine kinase inhibitor herbimycin A. Herbimycin A inhibits the uptake of IgG coupled particles and also of plain SA-coated beads and of beads coated with b-glucan or mannan (Fig. 2E) . Moreover, PP2, a potent and selective inhibitor of the Src-family tyrosine kinases, impaired selectively the uptake of IgG-and b-glucancoupled beads (Fig. 2F) .
Maturation of phagosomes containing beads coated with defined phagocytic ligands
Maturation of phagosomes is a key feature of phagocytosis and leads to the degradation of internalized material. Therefore, we tested whether phagosomes mature as a function of phagocytic ligand. The kinetics of appearance of vATPase on phagosomes containing ligand-coated beads was monitored at 5, 30 and 90 min of incubation (Fig. 3) to determine the influence of phagocytic ligands on the maturation of phagosomes. Co-localization of vATPase with beads occurred very rapidly and with similar kinetics for all types of beads except for IgG-beads which, at 5 min of incubation co-localized significantly less frequently with vATPase compared to SA-coated control beads. Due to this rapid co-localization of vATPase only slight increases up to 80-85% of co-localization were observed in all samples between 5 and 90 min of incubation.
Triggering of an oxidative burst in BMMs by phagocytosis of single ligand-coated beads
To characterize the influence of phagocytic ligands on the triggering of phagocytosis-related antimicrobial effector functions of BMMs, superoxide production was measured over time. After incubation of BMMs with beads coated with defined ligands for 15 min (Fig. 4A ) and 90 min ( Additionally, the influence of phagocytic ligands on the production of the other central oxidative antimicrobial metabolite (i.e. nitric oxide) was monitored. Nitrite as the stable end product of NO -derived metabolites was quantified in the supernatants of BMMs left untreated or pre-treated overnight with IFN-g. Macrophages incubated with SA-beads produced similar amount of nitrite as cells incubated without any beads and pre-treatment of the BMMs led so similarly increased background production of nitrite (Fig. 4C) . Note that pretreated BMMs produced significantly increased amounts of nitrite in response to beads coated with IgG, C1q or FN. Pretreatment of BMMs with IFN-g led to highly increased production of nitrite in response to beads coated with any of the phagocytic ligands used in this study.
Secretion of cytokines by BMMs after uptake of phagocytic ligand-coated beads
In vivo antimicrobial inflammatory responses are orchestrated by secretion of cytokines and chemokines. Therefore, the influence of phagocytic ligands on the secretion of the pro-inflammatory cytokines TNF-a, IL-1b and IL-6 and of anti-inflammatory IL-10 by BMMs was quantified by ELISA (Fig. 5 ) at 4, 10 and 24 h after addition of beads. Immunoglobulin G-opsonized beads caused significantly increased levels of TNF-a within 24 h. Mannanand b-glucan-coated beads led to a small, but significant, release of IL-6 within 10 h. Already within 4 h, all ligand-coupled beads led to a significantly increased amount of IL-1b compared to SA-coated beads. Beads coupled to C1q, iC3b or FN caused the by far strongest production of pro-inflammatory cytokines which, in all cases, was already apparent at 4 h of incubation and pronounced by 10 h.
Release of the anti-inflammatory IL-10 was also quantified (Fig. 5D) . Again, beads coated with C1q, iC3b or FN increased the release of IL-10, but no other beads did. 
Influence of defined phagocytic ligands on the inactivation of phagocytosed bacteria by BMMs
To test whether the differential triggering of antibacterial effector functions by defined phagocytic ligands is relevant for the intracellular inactivation of phagocytosed bacteria in BMMs, killing of E. coli strain MG1655 (expressing LPS lacking the O-antigen) 10 was determined at defined times after phagocytosis of the bacteria.
After defined periods of infection, non-internalized bacteria were killed by addition of gentamicin. The number of surviving bacteria (live cell count) at different times was determined by plating macrophage extracts on nutrient agar and determining CFUs (Fig. 6A) . Colony forming units were typically between 100,000-130,000 CFUs with either ligand at 0 min and between 25,000-130,000 CFUs at 60 min. The numbers of CFUs in the samples at 0 min were set as 100%. Bacteria coated with either SA alone, with IgG or b-glucan were efficiently killed. At 30 min after gentamicin treatment, more than 60% of the ingested bacteria were dead. Mannan-coated bacteria were killed at an intermediate rate with 40% dead at 30 min and 55% at 60 min, which was significantly different from IgG-coated bacterial killing. Streptavidin-E. coli covered with C1q, iC3b or FN remained fully viable, although these ligands were among the strongest inducers of NO and O À 2 production, yet also of antiinflammatory IL-10.
Furthermore, we studied the influence of phagocytic ligands on the surface of non-virulent E. coli on the secretion of the pro-inflammatory cytokines TNF-a, IL-1b and IL-6 and of anti-inflammatory IL-10 ( Fig. 6) . Bacteria coupled to C1q, iC3b or FN induced the strongest production of TNF-a, IL-6 and IL-10. The production of IL-1b was pronounced by 24 h only when BMMs were infected with either type of ligand-coupled bacteria.
To assess, whether IL-10 might inhibit antimicrobial activities of BMMs in an autocrine loop, IL-10 was neutralized by mAb during the experiment. Neutralization of IL-10 restored the impaired antibacterial activity of BMMs against E. coli MG1655 coated with C1q, iC3b, or FN (Fig. 6B ) but did not affect the killing of SA-E. coli. This was paralleled by an enhanced production of nitrite by BMMs phagocytosing E. coli MG1655 coated with b-glucan, mannan, the complement factors C1q or iC3b, or FN in the presence of anti-IL-10 (Fig. 6C) .
Discussion
Phagocytosis has long been discussed in light of a widely-accepted view that the particular combination of phagocyte receptor and particle surface ligands would determine phagosome fate. However, inspection of the literature reveals that there is little comparative experimental data to support this hypothesis. 4, 5 Most of the relevant studies compared only two ligand types, often the one of interest and immunoglobulins, for their effects on particle fate in a phagocyte. Our study provides the first comprehensive overview over the influence of a collection of defined phagocytosis-mediating ligands on phagocytosis of 1.63 mm bead particles by murine primary macrophages. In this approach, the ligand is clearly defined regardless of which phagocyte receptor(s) it uses, whereas definition of phagocytic receptor(s) is almost impossible, because many ligands bind to more than one receptor (e.g. complementcoated particles). 15 Particle ligands which are known to bind to phagocyte surface receptors but which likely do not trigger phagocytosis (e.g. LPS) were not included in this study. 2 They could be sensibly investigated only in connection with an already characterized phagocytic ligand.
All ligands were attached to the beads by the same biotin-SA chemistry except for IgG which could be optimally aligned on the bead surface by Fab-binding to SA. Primary murine BMMs were used to exclude potential problems associated with phagocytosis by immortalized cells. Great care was taken to prevent recruitment of additional ligands from attachment to the beads (e.g. infection) by using serum-free media in all cases and protein ligands were not bacterially expressed to avoid contamination with bacterial compounds such as LPS. This way, receptor cross-talk as a physiological, but complicating, event during phagocytosis of biological particles, was avoided as much as possible. 15 Each of the ligands induced a unique combination of effects (Table 2) suggesting that this experimental approach is valid.
Uncoated SA beads offer, by themselves, a potential ligand, SA, which could interfere with phagocytic signaling. However, even inert polystyrene (latex) beads are recognized by one or several types of scavenger receptors which induce their uptake by phagocytes. 16 Therefore, the system used here offers a minimum of unwanted ligands, similar to the red blood cell model 
All assessments relative for features seen with streptavidin particles without attached ligand ('¼'); +, above SA levels; À, below SA levels.
which again may also offer many surface structures that could act as co-ligands. 17 The fact that SA beads alone induced all tested parameters only weakly, or not at all, showed that most effects could be ascribed to the attached ligands only. The uptake of unligated SA beads was unique in that it was sensitive to herbimycin A and nocodazole and this uniqueness, in turn, confirmed that each of the various ligands produced specific effects.
One important finding of this study was that, while uptake rates of the beads by macrophages were approximately the same, the mode of uptake was not. Using transmission electron microscopy, we observed lamellipodial and filipodial structures of similar lengths from cells incubated with either IgG-or iC3b-coupled beads, similar to data described by Hall et al. 18 for red blood cells coated with IgG or iC3b. Uptake of complement C1q-coated beads, however, was accompanied by appearance of much shorter pseudopodia than with the other particles, a phenomenon hitherto not described. Overall uptake of all tested beads was the same at 5 min or 90 min, making it likely that the speed of closure of the phagocytic cup was different with C1q-coated beads. The observed phenomena could be explained by all types of phagocytic receptors being located on the lamellipodial protrusions with the exception of the C1q receptor(s) which could be preferentially localized to more flat plasma membrane regions. For most single ligand bead types, the uptake by lamellipodia could occur by two lamellipodial lobes that had been formed independently of ligand binding and these lamellipodia find and fuse with each other. They possibly could do this even in the absence of an added particle. 19 The de novo formation of an C1q bead phagosome from a flat surface would possibly occur relatively fast by a 'zipper' mode 5 once phagocytosis has been triggered and this would explain why the middle and late stages of cup formation ('long lamellipodia') were not caught frequently by static TEM.
We did not observe the 'sinking in' type of phagocytosis with iC3b. 7, 20 This phenotype may, however, be dependent on additional immune activating stimuli such as addition of phorbol-12-myristate-13-acetate, chemokines, or TNF-a. 21 Therefore, we analyzed bead uptake by IFN-g-activated macrophages using scanning electron microscopy and again did not find any indication for a 'sinking in' phenotype (data not shown) which may, however, be a specialty for certain cell types.
When nocodazole was used as an inhibitor of microtubule dynamics, uncoupled SA-beads and beads opsonized with complement iC3b were significantly less frequently taken up than the other ligand-coupled beads, and also C1q-ligated beads were taken up less vigorously. These findings are in good agreement and extend previous studies 6, 7 on the importance of intact microtubules for phagocytosis of complement-opsonized particles and they show that microtubules are dispensable for uptake of most defined particle types.
We were surprised to observe the high speed with which the phagosomes matured: The proton-pumping vATPase was acquired within minutes almost quantitatively and there was no difference between the different bead types. Previous data obtained with latex bead phagosomes in J774 macrophages suggested a much slower maturation, 22 possibly due to the difference in using primary versus immortalized phagocytes.
Signaling in phagocytosis is poorly defined with phagocytic receptors other than FcgR, where it is a Src tyrosine kinase regulated process. 23, 24 Conflicting data exist on the involvement of tyrosine kinase activity in complement-mediated internalization. Allen and Aderem 7 described an inhibitory effect of the broadrange tyrosine kinase inhibitor herbimycin A on IgGmediated but not on complement-mediated phagocytosis which was confirmed here and extended to uncoated beads and b-glucan-mediated phagocytosis and further shown to be dispensable with all other ligands. Uptake of IgG-or b-glucan-coated beads was decreased by addition of the inhibitor PP2, which specifically blocks Src family members (Lyn, Fyn, Lck and Hck). Src kinases are important in immunoreceptor signaling via ITAMs. Such ITAM motifs are found in receptors for immunoglobulins (FcRs) and for b-(1!3)-and b-(1!6)-glucan-linked carbohydrates (dectin-1), suggesting that receptors for the other ligands may not have ITAMs. 25 Consequently, the inhibition of uptake of SA beads by herbimycin A reflected a unique and unspecified tyrosine kinase involvement.
Addition of dynasore reduced uptake of all tested particles by 50-60%, showing an important and general role of dynamin activity in phagocytosis. 13 Gold et al.
26
used a dominant negative form of dynamin-2 to study its role in phagocytosis by macrophages and found that it inhibited the uptake of IgG-or iC3b-coupled red blood cells as well as zymosan particles. In a more recent study, 27 murine RAW 264.7 macrophages were treated with 40 mM dynasore which decreased uptake of phosphatidylserine-coated SA beads. Our data show that the degree of inhibition by dynasore was the same for all tested ligands and that, therefore, dynamin likely plays a general role in phagocytosis.
Activation with IFN-g leads to a primed state of the macrophage with an increased capability of phagocytosis (e.g. internalization by the FcgR) and increased bactericidal activity, towards intracellular pathogens like Mycobacterium tuberculosis 5 or Listeria monocytogenes. 28 In our study, IFN-g-stimulated macrophages phagocytosed particles coupled to IgG, b-glucan or iC3b faster than beads coated with SA, mannan or C1q. Upon activation with IFN-g, the predominant receptors for IgG2A and complement factor iC3b (FcgRI and CR3) are expressed on the plasma membrane at higher concentrations, 29 whereas the MR is down-regulated. 30 Therefore, the different effects of activation may be due to differential expression of the cognate receptors on the cell surface.
Binding of immunoglobulins of the IgG subclass is usually considered as a strong pro-inflammatory signal which causes robust production of superoxide, arachidonic metabolite intermediates, and pro-inflammatory cytokines whereas CR-mediated phagocytosis is not. 15 Stimulation of superoxide production by IgG-beads, however, was observed and so was efficient bacterial killing. C1q-or iC3b-coated beads, however, caused a much stronger production of nitric oxide and proinflammatory cytokines than IgG beads, even without prior IFN-g stimulation. The functionality of IgG as a ligand was substantiated in our study by the fact that uptake of IgG opsonized beads was inhibited by PP2, an inhibitor of Src-related protein tyrosine kinase, a hallmark of phagocytosis mediated by receptors with an ITAM, such as FcgRIIa. 31 Therefore, IgG ligation may actually not be a good inducer of nitric oxide production in non-activated macrophages. Similarly, a recent study looking at phagocytosis of serum-versus IgG-opsonized zymosan particles by J774.A1 macrophages, observed that while IgG-opsonized complex zymosan induced nitric oxide production the same as serum-opsonized zymosan, it caused much more superoxide generation. 32 To investigate the physiological relevance of our observations, we used E. coli strain MG1655 as a model for infection with an extracellular pathogen. These bacteria were coated with the defined ligands by the same biotinylated ligands-SA sandwich technology as was used with beads: first, bacteria were surface-biotinylated followed by SA addition and ligand coupling. Approximately 60% of bacteria without attached ligand were killed within 30 min which is in very good agreement with other reports on E. coli killing by macrophages. 33 However, with an attached ligand, E. coli was killed with either of three kinetics: a fast one (for E. coli with only SA, with IgG or with b-glucan), an intermediate mode (mannan-coated SA-E. coli) and a mode by which the bacteria remained almost unharmed (SA-E. coli with FN, C1q, or iC3b). These data show that while the default pathway leads to killing of E. coli, specific additional signaling ligands can delay or prevent killing of bacteria. Interestingly, the receptors for these ligands (C1q, iC3b, or FN) are also receptors for the entry of various intracellular pathogens. Mycobacteium tuberculosis enters the cell via CR3 and its ligand iC3b, 34 Mycobacterium leprae via CR1 and CR3, 35 furthermore Legionella pneumophila is phagocytosed via CRs. 36 L. monocytogenes can become opsonized with complement C1q 37 and additionally expresses a surface protein, internalin B, which is also a ligand for the C1q receptor. 38 Such preferred entry routes might help pathogens to evade antimicrobial mechanisms of the phagocyte and promote intracellular survival. 39 Notably, the three added ligands which resulted in the least phagocytic killing functions were those that produced the strongest pro-inflammatory responses (superoxide and nitric oxide production, elicitation of pro-inflammatory cytokines). On the other hand, IL-10 release was also particularly strong with these ligands. Subsequently tested neutralization of IL-10 in the culture media restored the antibacterial activities of macrophages completely. This strongly suggests cellautonomous regulation of killing capability by cytokine activities in the macrophage monoculture and, even more importantly, that the E. coli killing data faithfully reflected the bead model data demonstrating their value in dissecting complex phagocyte-particle interactions.
Conclusions
Some functions of phagocytosis were not, or little, ligandspecific (involvement of the actin cytoskeleton or dynamin activity); however, all single-type ligand beads induced a unique pattern of phagocytic functions (summarized in Table 2 ). Surprising findings were the unusual uptake mode of C1q-beads and the fact that those ligands that, in the bead model, produced the strongest pro-inflammatory cytokine responses and the most oxidative radicals were those that resulted in the least antibacterial killing activities. Correlation with the production of anti-inflammatory IL-10 and data obtained with neutralizing antibodies suggested that IL-10 is a 'master regulator of immunity to infection' 40 and that it can successfully suppress the proper E. coli killing effectors. Also, the much stronger production of pro-inflammatory cytokines with FN-, C1q-, or iC3b-beads compared with IgG-beads was unexpected and deserves further study. In the future, designing beads coupled to two different ligands would elucidate dominant effects of single ligands over others and give a more detailed insight into ligand-dependent processes of phagocytosis. Eventually, such data could help to design new therapeutic approaches by selectively enhancing phagocyte responses to specific infectious agents.
